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(57) ABSTRACT

Provided is a capacitively coupled plasma processing appa-
ratus which improves a controllability of the RF bias func-
tion and reliably prevents unwanted resonance from being
generated on a RF transmission line between a counter
clectrode and ground potential to enhance reliability of the
plasma process. In the capacitive coupled type plasma
processing apparatus, three kinds of RF powers from a first,
second and third RF power supplies (35, 36, 38) are super-
imposed and applied to susceptor (lower electrode) (16). In
such a three-frequency superimposing and applying appli-
cation scheme, the Irequency-impedance characteristic
around upper electrode (48) 1s considered to prevent a serial
resonance from occurring on an RF transmission line around
upper clectrode (48) 1n consideration of all the low order
frequencies of the IMD relevant to and aflecting the plasma
process. Since the fluorocarbon layer by itself functions as
an antireflective film and a harm mask, the reliability of
processing can be improved, while reducing the cost.
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F1G.6A

[ RFt (0.8MHz)=1000V ./ RF2(13MHz)=0V]
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FIG.6C
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FIG.7A

[ RF1 (0.8MHz)= 0V~ RF2(13MHz )=500V ]
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FIG.7B
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FIG.7C

[ RFi (0.8MHz)=1000 V./RF2{13MHz )=500V ]
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[ RF1 (0.8MHz)= 750V ./ RF2(13MHz )=750V ]
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FIG.15A

(RF BIAS: LOW POWER)
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PLASMA PROCESSING APPARATUS

CROSS-REFERENC

L1

This application claims priority to U.S. Provisional Appli-
cation 61/590,398, filed Jan. 25, 2012, and further claims
priority to Japanese Application Number 2012-002171, filed
Jan. 10, 2012, the entire contents of each of which are hereby
incorporated by reference.

TECHNICAL FIELD

The present disclosure relates to a technique that performs
a plasma process on a target substrate, and more particularly
to a capacitively coupled plasma processing apparatus.

BACKGROUND

In an etching process, a deposition process, an oxidation
process or a sputtering process for manufacturing a semi-
conductor device or Flat Panel Display (FPD), plasma 1is
widely used as a processing gas 1n order to facilitate a good
reaction at a relatively low temperature. In such a type of
plasma process, a high frequency (RF) power or microwave
power 1s used to discharge or ionize the process gas within
a vacuum processing container.

In a capacitively coupled plasma processing apparatus, an
upper electrode and a lower electrode are disposed in
parallel to each other within the processing container, the
target substrate (e.g., a semiconductor waler or a glass
substrate) 1s placed on the lower electrode, and an RF power
having a frequency (normally, 13.56 MHz or more) suitable
for generating plasma 1s applied to the upper electrode or the
lower electrode. Electrons are accelerated by the electric
field generated between the electrodes facing each other due
to an application of the RF power, and plasma 1s generated
by the collision and 1omization between electrons and the
process gas. Also, a thin film may be deposited on a
substrate, or a material or a thin film on the surface of the
substrate may be etched due to the surface reaction by a gas
phase reaction or a surface reaction of radicals or 1ons
contained in the plasma.

As described above, radicals and 1ons incident onto the
substrate play an important role in the plasma process. In
particular, 10ons are important in that 1ons exhibit a physical
action by an impact occurring when the 1ons are incident
onto the substrate.

Conventionally, an RF bias method has been widely used
in a plasma process. In the RF bias method, an RF power
having a relatively low frequency (e.g., 13.56 MHz or less)
1s applied to a lower electrode, and 10ons contained 1n the
plasma are accelerated and attracted on the substrate by a
negative bias voltage or sheath voltage generated on the
lower electrode. As a result, 1ons from plasma can be
accelerated to be collided onto the substrate to facilitate
surface reaction, anisotropic etching or film reforming.

|Patent Document 1|

Japanese Patent Application Laid-Open No. H7-302786

In the conventional capacitively coupled type plasma
processing apparatus equipped with the RF bias function as
described above, an RF for attracting ions 1s limited to one
kind (single frequency), and the RF power and self-bias
voltage or sheath voltage on the lower electrode are used as
control parameters.

However, the present inventors have researched on a RF
bias action 1n the course of developing a technology of a
plasma process and have found out that a conventional
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method which uses a single RF for attracting 1ons has a
difficulty 1n controlling the ion energy distribution in the

state-oi-the-art plasma process that requires a complex pro-
cess characteristic.

More specifically, when analyzing the Ion Energy Distri-
bution (IED) of 1ons that are incident on the substrate when
a single RF 1s used for attracting ions, the energies of all
incident 1ons are collected regularly 1n a continued energy
band, and more 10ns are concentrated (a peak appears) in the
vicinity of the maximum energy and the minimum energy, as
illustrated in FIG. 15A to FIG. 15C and FIG. 16A to FIG.
16C. Accordingly, 1f an average of 10n energies as well as the
maximum energy and the minimum energy at which 1ons are
more concentrated can be freely varied, an improvement of
controllability of the RF bias function required for a plasma
process 1s expected, but when the single RF 1s used, there 1s
no case where the maximum energy and the minimum
energy at which more 1ons are concentrated can be freely
varied.

According to the conventional method, when an RF
corresponding to a relatively low frequency of, for example,
0.8 MHz for attracting ions 1s used and the RF power 1s
varted, the characteristic of 10on energy distribution 1s
changed as illustrated 1n FIG. 15A (low power level), FIG.
15B (intermediate power level), and FIG. 15C (high power
level). That 1s, the maximum energy 1s varied mto 1000 eV
(FIG. 15A), 2000 eV (FIG. 15B), and 3000 eV (FIG. 15C)
in proportional to the RF power while the minimum energy
1s being fixed at about O V.

However, when an RF corresponding to a relatively high
frequency of, for example, 13 MHz for attracting ions 1s
used and the RF power 1s varied, the characteristic of 1on
energy distribution 1s changed as illustrated in FIG. 16A
(low power level), FIG. 16B (intermediate power level), and
FIG. 15C (high power level). That 1s, the maximum energy
1s varied mto 650 eV, 1300 eV, 1950 eV 1n proportional to
the RF power, while the minimum energy 1s also varied nto
350 eV, 700 eV, 1050 eV 1n proportional to the RF power.

While FIG. 15A to FIG. 15C and FIG. 16A to FIG. 16C
illustrate the characteristics of 10n energy distribution of Ar™
1ion, other 1ons exhibit the same characteristics (patterns) as
well.

As described above, in the conventional method, even
though the maximum energy or the average energy of the 10n
energy distribution may be arbitrarily varied, the minimum
energy cannot be arbitrarily varied independently from the
maximum energy. Therefore, the characteristic of the 1on
energy distribution, for example, indicated by an imaginary
line (a dashed dotted line) K of FIG. 16C may not be
achieved. Accordingly, a tradeoil between the etching rate,
the selection ratio and the etched shape 1n a high aspect ratio
contact (HARC) plasma etching may not be avoided readily.

The present disclosure has been made 1n an effort to solve
the problems described above, and intends to provide a
plasma processing apparatus which improves a controllabil-
ity of the RF bias function, reliably prevents unwanted
resonance from being generated on a RF transmission line
between a counter electrode and ground potential, and
enhances the reliability of the plasma process.

SUMMARY

According to a first aspect of the present disclosure, there
1s provided a plasma processing apparatus including: a
vacuum exhaustible processing container that accommo-
dates a target substrate to be able to be carried in and out 1n

relation to the processing container; first and second elec-
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trodes disposed to be opposed to each other within the
processing container to form a processing space therebe-
tween where plasma 1s generated so that a desired process-
ing 1s performed on the substrate held on the first electrode
under the plasma; a first RF power supply that applies a first
RF power having a first frequency {1, to the first electrode; a
second RF power supply that applies a second RF power
having a second frequency 1, to the first electrode; a third RF
power supply that applies a third RF power having a third
frequency 1, to the first electrode; and a filter circuit con-
nected between the second electrode and a member having,
a ground potential. The first frequency 1, 1s 1n a range of
from 100 kHz to 6 MHz, the second frequency 1, 1s 1n a
range of from 6 MHz to 40 MHz, and the third frequency {,
1s 1n a range of from 40 MHz to 300 MHz, the relationships
of 2f,<t, and 21,<f, are established. The filter circut 1s
configured such that, 1n a case where 31,<t,, assuming that
(f,+1,) 1s A and the lower one of 21, and (1;-1,) 1s B, no
resonant frequency i1s present in the frequency range of
f,<t=A and B=1<{,, and a single serial resonant frequency 1
and a single parallel resonant frequency 1, are present in the
frequency range ol A<i<B with satisiying a relationship of
f.<t,, n a trequency-impedance characteristic when expect-

5

ing an RF transmission line which spans from an interface
between the processing space and the second electrode
through the second electrode to a ground potential, and 1n a
case where 1,<31,, assuming that the higher one of (1;-1,)
and (t,+1,) 1s A and the lower one of 21, and (1;-t1,) be B,
no resonant frequency is present in the frequency range of
f,<t=A and B=i{<3f, (or 1), and a single serial resonant
trequency 1, and a single parallel resonant frequency f, are
present 1n the frequency range of A<i<B with satisiying a
relationship of £ <t , in a frequency-impedance characteris-
tic when expecting an RF transmission line which spans
from a boundary surface between the processing space and
the second electrode through the second electrode to a
ground potential.

In the configuration described above, a first RF power
having a first RF and a second RF power having a second RF
suitable for attracting 10ons are superimposed and applied on
the first electrode on which the target substrate 1s placed.
Accordingly, the minimum energy and the maximum energy
may be independently controlled in energy distribution of
ions that incident onto the substrate from plasma. Further,
the characteristic of 1on energy distribution may be formed
in a concaved shape or flat shape, and the characteristic of
ion energy distribution may be optimized for various process
characteristics or a complex process characteristic. Further-
more, the process characteristics may be optimized.

Meanwhile, since a plasma 1s generally a nonlinear load,
harmonic frequencies having frequencies corresponding to
an integer multiple of fundamental frequencies and inter-
modulation distortions (IMDs) having frequencies corre-
sponding to the sum or difference either between the fun-
damental frequencies or between the fundamental
frequencies and the harmonics are inevitably generated. The
powers of the fundamental frequencies are increasingly
absorbed as powers of these harmonics or IMDs 1s
increased, and further, when a high current flows into the
filter circuit, there may be a case where a circuit element 1s
burned to be damaged. In a capacitively coupled plasma
processing apparatus, occurrence of these undesirable phe-
nomena 1s remarkable when a serial resonance 1s generated
with respect to any one of the harmonics or the IMDs on an
RF transmission line which spans from the plasma within
the chamber through the counter electrode (second elec-

trode) to the ground potential. Of course, since an 1mped-
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ance element of the filter circuit may be burned even when
a serial resonance 1s generated with respect to any one of the
fundamental frequencies, so that 1t 1s undesirable.

In the plasma processing apparatus of the present disclo-
sure, the frequency-impedance characteristic as described
above 1s implemented on the RF transmission line around
the second electrode through the filter circuit. Accordingly,
even when process conditions are set arbitrarily, a possible
occurrence of the serial resonance on the RF transmission
line around the second electrode may be obviated. Accord-
ingly, unless the powers of the fundamental frequencies are
converted into the harmonics or IMDs to cause loss of the
powers, the circuit elements of the filter circuit are also not
burnt to be damaged by a high current.

According to the plasma processing method and the
plasma processing apparatus of the present disclosure, with
the configurations and operations as described above, the
controllability of the RF bias function 1s enhanced and an
unwanted resonance 1s reliably prevented from being gen-
crated on the RF transmission line between the counter
clectrode and ground potential. Thus, the reliability of the
plasma process can be enhanced.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross sectional view 1llustrating a configuration
of a plasma processing apparatus according to an embodi-
ment of the present disclosure.

FIG. 2 1s a view 1llustrating waveforms of a sheath voltage
and an 1on response voltage mn a dual-frequency RF bias
method according to the embodiment.

FIG. 3 1s a view 1llustrating a conversion function used 1n
the embodiment.

FIG. 4 15 a view 1llustrating an 10on energy distribution and
an 1on response voltage 1 a single-frequency RF bias
method.

FIG. 5 15 a view 1llustrating an 10n energy distribution and
an 10n response voltage in a dual-frequency RF bias method.

FIG. 6A 1s a view 1illustrating a function capable of
arbitrarily adjusting the minimum energy within a predeter-
mined range while the maximum energy of ion energy
distribution 1s being fixed in the embodiment.

FIG. 6B 1s a view 1illustrating a function capable of
arbitrarily adjusting the minimum energy within a predeter-
mined range while the maximum energy ol i1on energy
distribution 1s being fixed.

FIG. 6C 1s a view 1llustrating a function capable of
arbitrarily adjusting the minimum energy within a predeter-
mined range while the maximum energy ol 1on energy
distribution 1s being fixed.

FIG. 7A 1s a view 1llustrating a function capable of
arbitrarily adjusting the maximum energy within a prede-
termined range while the mimmum energy of 10n energy
distribution 1s being fixed in the embodiment.

FIG. 7B 1s a view 1illustrating a function capable of
arbitrarily adjusting the maximum energy within a prede-
termined range while the mimmum energy of 10n energy
distribution 1s being fixed.

FIG. 7C 1s a view 1llustrating a function capable of
arbitrarily adjusting the maximum energy within a prede-
termined range while the mimmum energy of 10n energy
distribution 1s being fixed.

FIG. 8A 1s a view 1llustrating a function capable of
arbitrarilly varying a width of an energy band within a
predetermined range while the central value of energy i1s
being fixed in the embodiment.
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FIG. 8B 1s a view 1illustrating a function capable of
arbitrarily varying the width of the energy band within a

predetermined range while an average value of the energy
(central value of energy) 1s being fixed in the embodiment.

FIG. 8C 1s a view illustrating a function capable of 5
arbitrarily varying the width of the energy band within a
predetermined range while the average value of energy 1s
being fixed 1n the embodiment.

FIG. 8D 1s a view illustrating a function capable of
arbitrarily varying the width of the energy band within a 10
predetermined range while the average value of energy 1s
being fixed in the embodiment.

FIG. 8E 1s a view illustrating a function capable of
arbitrarily varying the width of the energy band within a
predetermined range while the average value of energy 1s 15
being fixed in the embodiment.

FIG. 9 1s a view 1llustrating a frequency combination
method 1n the dual-frequency bias method in the embodi-
ment.

FIG. 10 1s a view illustrating a distribution of main 20
frequencies relevant to or aflecting the plasma process 1n the
embodiment.

FIG. 11 1s a circuit diagram illustrating a circuit configu-
ration of a single filter circuit 1n the embodiment.

FIG. 12 1s a circuit diagram illustrating a circuit configu- 25
ration of an RF transmission line formed at a periphery of an
upper electrode.

FIG. 13 1s a view illustrating a frequency-impedance
characteristic of the RF transmission line.

FIG. 14 1s a view illustrating a distribution of main 30
frequencies relevant to or aflecting the plasma process 1n
another embodiment.

FIG. 15A 1s a view 1llustrating an 10n energy distribution
obtained when an RF power 1s set to a low level 1 a
conventional single-frequency bias method in which a rela- 35
tively low frequency 1s used.

FIG. 15B 1s a view 1illustrating an 1on energy distribution
obtained when an RF power 1s set to an intermediate level
in a conventional single-frequency bias method 1n which a
relatively low frequency 1s used. 40

FIG. 15C 1s a view 1llustrating an 10n energy distribution
obtained when an RF power 1s set to a high level 1 a
conventional single-frequency bias method in which a rela-
tively low frequency 1s used.

FIG. 16A 1s a view 1llustrating another 10n energy distri- 45
bution obtained when an RF power 1s set to a lower level
value 1 a conventional single-frequency bias method in
which a relatively high frequency 1s used.

FIG. 16B 1s a view 1llustrating another 1on energy distri-
bution obtained when an RF power 1s set to an intermediate 30
level value 1n a conventional single-frequency bias method
in which a relatively high frequency 1s used.

FIG. 16C 1s a view 1illustrating an 1on energy distribution
obtained when an RF power 1s set to a high level 1 a
conventional single-frequency bias method in which a rela- 55
tively high frequency 1s used.

DETAILED DESCRIPTION

Hereinafter, exemplary embodiments of the present dis- 60
closure will be described with reference to FIG. 1 to FIG. 14.

[Configuration of the Entire Apparatus]

FIG. 1 illustrates a configuration of a plasma processing,
apparatus according to an exemplary embodiment of the
present disclosure. The plasma processing apparatus 1s con- 65
figured as a capacitively coupled plasma etching apparatus
of a lower three-frequency power applying scheme which

6

applies three RF powers to a lower electrode, and includes
a cylindrical vacuum chamber (processing container) 10
made of, for example, aluminum of which a surface 1s
alumite-treated (anodized). Vacuum chamber 10 1s
grounded.

A cylindrical susceptor support 14 1s disposed on the
bottom of chamber 10 through an insulating plate 12 such as
a ceramic and a susceptor 16 made of, for example, alumi-
num 1s provided on susceptor support 14. Susceptor 16
constitutes a lower electrode and a target substrate, for
example, a semiconductor water W, 1s placed thereon.

An electrostatic chuck 18 for holding semiconductor
waler W by an electrostatic adsorption force 1s provided on
the top surface of susceptor 16. Electrostatic chuck 18 1s
configured such that an electrode 20 made of a conductive
film 1s embedded between a pair of insulating layers or
insulating sheets, and a DC power supply 22 1s electrically
connected to electrode 20 via a switch 24. Semiconductor
waler W may be adhered to and held on electrostatic chuck
18 by an electrostatic force by a DC voltage from DC power
supply 22. A focus ring 26 made of, for example, silicon, for
enhancing 1in-plane uniformity of etching process is disposed
on the top surface of susceptor 16 around electrostatic chuck
18. A cylindrical mner wall member 28 made of, for
example, quartz 1s attached on a side surface of susceptor 16
and susceptor support 14.

A refrigerant chamber or refrigerant passage 30 extending
in, for example, a circumierential direction 1s provided
inside of susceptor support 14. A relfnigerant having a
predetermined temperature, for example, a cooling water cw
1s circulated and supplied to refrigerant passage 30 from an
external chiller umit (not illustrated) through pipes 32a, 325.
A process temperature of semiconductor waler W on sus-
ceptor 16 can be controlled depending on the temperature of
refrigerant cw. A heat transfer gas, such as, He gas from a
heat transfer gas supply equipment (not illustrated) 1s sup-
plied between the top surface of electrostatic chuck 18 and
the rear surface of semiconductor water W through a gas
supply line 34.

Each of a first, second and third RF power supplies 35, 36,
38 1s electrically connected to susceptor 16 through match-
ing units 40, 42, 43 and lower power feeding conductors 44,
45, 46, respectively. Lower power feeding conductors 44,
45, 46 may be a common conductor such as, for example, a
power feeding rod.

First RF power supply 335 is configured such that a first
high frequency power RF, having a relatively low frequency
f; of 100 kHz to 6 MHz suitable for attracting ions on
semiconductor waler W on susceptor 16 1s output with a
variable power. Second RF power supply 36 1s configured
such that a second high frequency power RF, having a
relatively high frequency 1, of 6 MHz to 40 MHz suitable for
attracting 1ons on semiconductor water W on susceptor 16 1s
output with a variable power. Third RF power supply 38 is
configured such that a third high frequency power RF,
having a high frequency t, of 40 MHz to 300 MHz suitable
for an RF discharge, that 1s, plasma generation by capacitive
coupling of process gases 1s output with a variable power.
Meanwhile, when first high frequency power RF, and sec-
ond high frequency power RF, are concurrently applied,
RF, and RF, are superimposed in a relationship of {,<f,, and
when second high frequency power RF, and third high
frequency power RF, are concurrently applied, RF, and RF,
are superimposed 1n a relationship of 1,<{;.

An upper electrode 48 1s provided above susceptor 16 to
face and 1n parallel with susceptor 16. Upper electrode 48 1s
constituted with an electrode plate 50 and an electrode
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support 52 and 1s attached to an upper portion of chamber
through a ring shaped insulator 54. Electrode plate 50 1s
made of a semiconductor material such as, for example, Si
or S1C, and has a plurality of gas ejection holes 350a.
Electrode support 52 1s made of a conductive material such
as, for example, aluminum of which a surface 1s alumite-
treated, and detachably supports electrode plate 50. A
plasma generation space or a processing space PS i1s set
between upper electrode 48 and susceptor 16. Ring shaped
insulator 54 1s made of, for example, alumina (Al,O,),
hermetically fills a gap between an outer peripheral surface
of upper electrode 48 and a sidewall of chamber 10, and
physically supports upper electrode 48 1n a non-grounded
state. In electrical sense, a capacitance of fixed value (here-
iafter, referred to as “electrode stray capacitance™) EC 1s
formed between upper electrode 48 and chamber 10 with
ring shaped insulator 54 being interposed therebetween.

Electrode support 52 has a gas buller chamber 56 formed
therein and, 1n the bottom side thereof, has a plurality of gas
ventilation holes 52a communicating with gas ejection holes
50a of electrode plate 50 from gas buller chamber 56. Gas
bufler chamber 56 1s connected with a process gas supply
source 60 through a gas supply pipe 58, and a mass flow
controller (MFC) 62 and an opening/closing valve 64 are
provided in gas supply pipe 58. When a predetermined
amount of the process gas 1s introduced mto gas builler
chamber 56 from process gas supply source 60, the process
gas 1s ¢jected 1nto a processing space PS from gas ejection
holes 50a of electrode plate 50 toward semiconductor water
W on susceptor 16 1n a shower pattern. As described above,
upper electrode 48 also serves as a shower head for supply-
ing the process gas.

An annular space formed between susceptor 16 and
susceptor support 14 and chamber 10 1s defined as a gas
exhaust space, and a gas exhaust port 72 of chamber 10 1s
formed at the bottom of the gas exhaust space. A gas exhaust
apparatus 76 1s connected to gas exhaust port 72 through a
gas exhaust pipe 74. Gas exhaust apparatus 76 includes a
vacuum pump such as a turbo molecular pump, and particu-
larly, the processing space PS can be depressurized to a
desired vacuum level. A gate valve 80 which opens and
closes a carry-in/out port 78 for semiconductor water W 1s
attached to the sidewall of chamber 10.

An output terminal of a DC power supply unit 82 installed
outside of chamber 10 1s electrically connected to an upper
clectrode 48 through a switch 84 and a filter circuit 86. DC
power supply unit 82 1s formed by, for example, a control-
lable DC power supply, and is configured such that a DC
voltage V . 1n a range of from -2000 V to +1000 V can be
output. Alternatively, DC power supply unit 82 may be
provided with a plurality of DC power supplies to supply a
plurality of different DC voltages, and may selectively
output one of the plurality of DC voltages. A polarity and
absolute value of output (voltage and current) of DC power
supply unit 82 and switching ON and OFF of switch 84 are
controlled by a DC power supply controller 83 under
instructions from a control unit 88 to be described below.

Filter circuit 86 1s configured to apply the DC voltage V ,, -
from DC power supply unit 82 to upper electrode 48, and to
allow an RF current mput from susceptor 16 through pro-
cessing space PS and upper electrode 48 to flow to a
grounded line, but not to tlow to DC power supply unit 82
side. In the present exemplary embodiment, the configura-
tion and the circuit constant of filter circuit 86 are very
important, and will be described below 1n detail.

A DC grounded component (not illustrated) made of a
conductive material, for example, S1 or S1C, 1s attached to an
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appropriate position facing the processing space PS within
chamber 10. The DC grounded component i1s grounded
through a ground line (not illustrated) at all times.

Control unit 88 includes a microcomputer, and controls
individually and comprehensively the operations of respec-
tive components, for example, switch 24 for the electrostatic
chuck, first, second, third RF power supplies 35, 36, 38,
matching units 40, 42, 43, process gas supply units 60, 62,
64, gas exhaust apparatus 76, DC power supply umt 82 and
switch 84 for DC baas, a chiller unit, and a heat transfer gas
supply unit, provided in the plasma etching apparatus.
Further, control unit 88 1s connected with a touch panel (not
illustrated) that serves as a man-machine interface and a
storage device (not 1llustrated) that stores various programs
or data such as settings. In the present exemplary embodi-
ment, control unit 88 1s represented as a single control unait,
but 1t may be configured such that a plurality of control units
share the function of control umt 88 hierarchically or 1n
parallel.

In the plasma etching apparatus, a gate valve 80 1s open
first, and the semiconductor waler W to be processed 1is
carried mnto chamber 10 and placed on electrostatic chuck 18
in order to perform an etching process. Also, a predeter-
mined gas, that 1s, an etching gas (generally a mixed gas)
from process gas supply source 60 1s introduced into cham-
ber 10 at a predetermined tlow rate and 1n a tflow rate ratio,
and the pressure in chamber 10 1s exhausted to be set to a
predetermined vacuum level by gas exhaust apparatus 76.
Further, a third high frequency power RF; having a ire-
quency of 40 MHz to 300 MHz to generate plasma 1s applied
to upper electrode 48 with a predetermined power level from
third RF power supply 38. Still further, a first high frequency
power RF, having a frequency of 100 KHz to 6 MHz for
attracting 1ons and a second high frequency power RF,
having a frequency of 6 MHz to 40 MHz for attracting ions
are applied to susceptor (lower electrode) 16 from first and
second RF power supplies 35, 36, at predetermined power
levels, respectively. Still further, the heat transfer gas (He
gas) 1s confined 1n a contact iterface between electrostatic
chuck 18 and semiconductor water W by the electrostatic
attraction force by turning ON switch 24. Still further, a
predetermined DC voltage V ,,~ from DC power supply unit
82 1s applied to upper electrode 48 by turning ON switch 84
as necessary. An etching gas ejected from a shower head
(upper electrode) 48 1s plasmatized between electrodes 16,
48 by RF discharge, and a film of main surface of the
semiconductor water W 1s etched by radicals or 10ns con-
tained 1n the plasma.

The plasma etching apparatus of the present exemplary
embodiment has hardware components 32 to 46 1n which

two kinds of high frequency powers RF, having a frequency

of 100 kHz to 6 MHz and RF , having a frequency of 6 MHz
to 40 MHz suitable for attracting ions from two RF power
supplies 335, 36 are superimposed and applied to susceptor
16 1n order to control energy of i1ons incident onto the
semiconductor water W from the plasma during the process,
and 1s configured to control a total power and power ratio of
both of high frequency powers RF, and RF, depending on
specifications, conditions or recipes of the etching process.
|[RF Bias Function 1n the Embodiment]

In the plasma etching apparatus of the present embodi-
ment as described above, first high frequency power RF,
having a frequency of, e.g., 0.8 MHz, and second high
frequency power RF, having a frequency of, e.g., 13 MHz
for attracting 1ons are superimposed and applied to susceptor
(lower electrode) 16 during the process. Then, a negative

polarity sheath voltage V (t) in which both RF, and RF, are
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superimposed as 1llustrated 1n FIG. 2 1s generated on an 1on
sheath generated on susceptor 16 facing the plasma genera-
tion space PS or the surface of semiconductor water W. In
the meantime, FIG. 2 illustrates a case where second high
frequency power RF, 1s remarkably lower than first high
frequency power RF, 1n order to make understand readily a
state where both RF, and RF, are superimposed.

Ions from the plasma are accelerated by sheath voltage
V (1) to be incident on the surtace ot semiconductor water
W. In this case, acceleration and energy of the incident 10ns
depend on an 1nstantaneous value (absolute value) of sheath
voltage V (1) at the time when the 1ons are incident thereto.
That 1s, 1ons introduced into the 1on sheath when the
instantaneous value (absolute value) of sheath voltage V (t)
1s large are 1incident on the surface of the wafer with a large
acceleration or kinetic energy, while 10ns introduced 1nto the
ion sheath when the instantaneous value (absolute value) of
the sheath voltage V (1) 1s small are incident onto the surface
of the wafer at a small acceleration or kinetic energy.

However, 10ns respond to (accelerate) sheath voltage V (1)
at a certain sensitivity of 100% (coellicient 1) or less. The
response sensitivity or a conversion function a.(f) 1s changed
depending on (1n mverse proportional to) a frequency 1 of a
RF power used in RF bias as illustrated in FIG. 3, and
expressed by the following equation (1).

a(f)=1/{(chp+1}V7 (1)

But, ¢=0.3x2m, p=5, T 3s(M/2 eV ), M denotes mass
number of 10ns, s denotes 1ons passing time, and V_ denotes
a sheath voltage.

Therefore, a practical sheath voltage, that 1s, an 10n
response voltage contributing to acceleration of 10ns within
the 10n sheath 1s expressed by the following equation (2).

Vi) =a()V() (2)

The 10n response voltage V (1) 1llustrated in FIG. 2 and the
conversion function a(l) illustrated in FIG. 3 are related to
Ar™ 1on, but other ions have the same characteristic with
respect to the sheath voltage V (1) and a frequency of the RF
bias.

As can be seen from the voltage wavetorm of FIG. 2, 1ons
within the 1on sheath respond to (accelerate) first high
frequency power RF, having a relatively low frequency (0.8
MHz) at about 100% sensitivity (a(f)=1) and respond to
(accelerate) first high frequency power RF, having a rela-
tively high frequency of 13 MHz at about 50% sensitivity
(a(1)=0.5).

Ion energy distribution IED can be obtained by calculat-
ing in the same manner as illustrated in FIGS. 4 and 5 from

the following equation (3) based on the 10n response voltage
V (1) as described above.

[ED(E,)oc 2 (dV/dt;) (3)

FIG. 4 illustrates the IED and an 1on response voltage
V (1) 1n a case where a single RF power having a relatively
low frequency 1s used for the RF bias. In the meantime, FIG.
5 1llustrates the IED and an 10n response voltage V. (t) 1n a
case where two RF powers respectively having a relatively
low frequency and a relatively high frequency are used for
the RF bias.

According to a single-frequency bias method using a
single high frequency power for the RF bias, as described 1in
detail with respect to FIGS. 15A to 15C and FIGS. 16A to
16C, an ion energy distribution (IED) represents a profile 1n
which more 10ns are regularly concentrated (peaks appear)
in the vicinity of the maximum energy and 1n the vicinity of
the minimum energy, and thus, there 1s a limitation that the
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minimum energy cannot be arbitrarily varied even 1f the RF
power may be varied 1n any way.

In contrast, according to dual-frequency bias method
using two high frequency powers RF, having a frequency of
0.8 MHz and RF, having a frequency of 13 MHz as 1n the
present exemplary embodiment, the maximum energy and
the minimum energy of the IED can be controlled indepen-
dently from each other by adjusting a total power and/or
power ratio of both the RF, and RF,.

That 1s, 1n the present exemplary embodiment, as 1llus-
trated in FIGS. 6A to 6C, the minimum energy can be
arbitrarily controlled within a range of, for example, from
about 0 eV to 1000 eV while the maximum energy 1s fixed
to, for example, about 2000 eV.

Further, as illustrated 1n FIGS. 7A to 7C, the maximum
energy can be arbitrarily controlled within a range of, for
example, from about 650 eV to 26350 ¢V while the minimum
energy 1s fixed to, for example, about 330 eV,

In the meantime, the IED characteristics in FIGS. 6A to
6C and FIGS. 7A to 7C are calculated with respect to Ar™
ion. Other 10ns may have the same characteristics in pattern.
Further, voltage values of both high frequency powers RF,
having a frequency of 0.8 MHz and RF,, having a frequency
of 13 MHz are amplitudes of bias voltage of each high
frequency power, and can be converted into an RF power.

Further, 1n the present embodiment, as 1llustrated 1n FIG.
6B [RF, (0.8 MHz) =340 V, RF, (13 MHz)=1000 V], and
FIG. 7B [RF, (0.8 MHz)=500 V, RF, (13 MHz) =500 V], 1t
1s possible to substantially uniformly distribute 1ons
throughout the entire areca of energy band by the dual-
frequency RF bias. Further, as illustrated in FIG. 7C [RF,
(0.8 MHz)=1000 V, RF, (13 MHz)=300 V], it 1s possible to
make the number of incident ions of intermediate energy
level larger than those of the minimum energy and the
maximuim energy.

Further, in the present embodiment, as illustrated 1n FIG.
8A [RF, (0.8 MHz)=1500 V, RF, (13 MHz)=0 V], FIG. 8B
[RF, (0.8 MHz)=1125 V, RF, (13 MHz)=375 V], FIG. 8C
[RF, (0.8 MHz)=750 V, RF, (13 MHz)=750 V], FIG. 8D
[RF, (0.8 MHz)=375V, RF, (13 MHz)=1125 V], and FIG.
8E [RF, (0.8 MHz)=0 V, RF, (13 MHz)=1500 V], 1t 1s also
possible to arbitrarily adjust a width Ew of energy band
within a range of from about 1000 eV to about 3000 eV
while an average value or central value of energy 1s fixed to,
for example, 1500 eV by the dual-frequency RF bias.

As described above, 1n the present exemplary embodi-
ment, it 1s also possible to obtamn an intermediate IED
characteristic by arbitrarily adjusting width Ew of energy
band between the IED charactenistic (FIG. 8A) obtained in
a case where only the first lugh frequency power RF, (0.8
MHz) 1s used for the RF bias and the IED characteristic
(FIG. 8E) obtained in a case where only the second high
frequency power RF, having a frequency of 13 MHz 1s used
for the RF bias.

Further, among the intermediate IED characteristics, the
IED characteristic of FIG. 8B obtained when a power ratio
of second high frequency power REF2 to first high frequency
power RF1 1s 1125 V:375 V=3:1 exhibits a concave shaped
distribution pattern. That 1s, 10ns are concentrated 1n a stripe
shape at the minimum energy and an energy region (irom
about 250 eV to about 730 ¢V) 1n the vicinity thereotf, and
the maximum energy and an energy region (from about 2250
eV to about 27350 €V) 1n the vicinity thereol, and the number
of distributed 10ns are uniformly small at an intermediate
energy region (from about 750 eV to about 2250 eV). The
concave shaped IED characteristic 1s also different from a U
shaped IED characteristic (FIG. 8A, FIG. 8E) 1n which 1ons
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are concentrated in peak at the minimum energy and the
maximum energy as 1n the case where any one of both high
frequency powers RF, and RF, 15 used.

In the meantime, though not illustrated, and also 1n the
intermediate energy region from FIG. 8D [RF,; (0.8 MHz)
=375 V, RF, (13 MHz)=1125 V] to FIG. 8E [RF, (0.8
MHz)=0 V, R , (13 MHz)=1500 V], that 1s, even when a
power ratio of second high frequency power RF, to first high
tfrequency power RF, 1s about 1:30, the concave shaped
intermediate IED characteristic as 1llustrated 1in FIG. 8B can
be obtained.

As described above, 1n the present exemplary embodi-
ment, the first high frequency power RF, and the second
high frequency power RF, different from each other in
frequency 1s combined and used to control the total power
and/or power ratio thereot, so that the width of energy band,
a distribution shape thereof, and further a total amount of
incident energy can be widely and variously controlled with
respect to the IED of 1ons incident on the surface of
semiconductor waler W on susceptor 12.

Here, the frequencies 1, and {, of first high frequency
power RF, and second high frequency power RF, are not
limited to the above-described value (0.8 MHz, 13 MHz),
but may be arbitrarily selected within a predetermined range.
As can be seen from a comparison of the IED characteristic
of FIG. 8A and that of FIG. 8E, a width (energy band) Ew
of the 1on energy distribution 1n the single-frequency bias
becomes wider as the frequency becomes lower, and
becomes narrower as the frequency becomes higher.

This, as illustrated 1n FIG. 9, corresponds to a relationship
of the frequency and conversion function a.(f). Accordingly,
the variable range increase of the energy band E ;- depends
on the kind of 1ons (F*, Ar™, C,F " or the like) that exhibits
a dominant action in an etching process, but basically, 1t 1s
desirable that the frequency of first high frequency power
RF, may be selected to be a low value (preferably, 100 kHz
to 6 MHz) and the frequency of second high frequency
power RF, may be selected to be a high value (preferably, 6
MHz to 40 MHz). In particular, when the frequency of
second high tfrequency power RF, becomes too high, that 1s,
becomes 40 MHz or more, an e" ect of plasma generation
becomes stronger, resulting 1n an inappropriate frequency
for the RF bias, and thus the frequency of 40 MHz or less
1s desirable. In the meantime, the frequency of the third high
frequency power RF, for generating plasma 1s typically
selected within a range of from 40 MHz to 300 MHz.

[Serial Resonance Around Upper Electrode and Counter-
measure Thereof]

Meanwhile, since a plasma 1s generally a nonlinear load,
so that an inter-modulation distortion (IMDs) 1s inevitably
generated at frequencies either between harmonic frequen-
cies having integer multiples of each fundamental frequency
or between fundamental frequencies, but also at the sum and
difference frequencies of the fundamental frequencies and at
multiples of those sum and difference frequencies. The
power of the fundamental frequency 1s i1ncreasingly inter-
tered with powers of these harmonic frequencies or IMD as
those 1s increased, and further, 11 high current flows 1nto the
filter circuit, there may be a case where the circuit element
1s burned to be damaged. In particular, 1n a cathode coupling
type of the capacitively coupled type plasma processing
apparatus 1n the present embodiment, occurrence of the case
1s remarkable when a serial resonance 1s generated with
respect to any one of the harmonics or the IMD on the RF
transmission line (hereinafter, referred to as “an RF trans-
mission line around the upper electrode’) which spans from
the plasma within the chamber through the counter electrode
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to the ground potential. Furthermore, even when a serial
resonance 1s generated with respect to any one of the
fundamental frequencies, an impedance element of the filter
circuit may be burned, so that 1t 1s undesirable.

Accordingly, there 1s a need to take a measure so that a
serial resonance does not occur on the RF transmission line
around the upper electrode for any one of the fundamental
frequencies, the harmonics and the IMDs. However, as in the
present embodiment, when three kinds of high frequency
powers RF,, RF,, RF,; are superimposed and applied to
susceptor (lower electrode) 16, a multiple types and a
number of the fundamental frequencies, the harmonics and
the IMDs are present. Thus, it 1s very diflicult to establish a
countermeasure against the serial resonance. Further, an 1on
sheath (hereinafter, referred to as “upper electrode sheath™)
formed between the plasma and the upper electrode makes
it further dithicult to establish the countermeasure. The upper
clectrode sheath acts as a condenser for electronic current
and the thickness thereof (and further, capacitance thereof)
1s varied according to a process condition (pressure, RF
power, gas species or the like) or the DC voltage V..
Theretfore, the frequency (serial resonant frequency) at the
time when the serial resonance i1s generated on the RF
transmission line around the upper electrode 1s varied
according to the thickness of the upper electrode sheath.
This point may be considered suthiciently.

In the present exemplary embodiment, as will be
described below, the serial resonance problem as described
above 1s solved by establishing the frequency-impedance
characteristic around upper electrode 48 in consideration of
all the low order frequencies of the IMDs relevant to and
allecting the plasma process in the three-frequency super-
imposing application scheme.

FIG. 10 illustrates a distribution of main frequency rel-
evant to or allecting the plasma process 1n the embodiment
in a case where 1,=3.2 MHz, 1,=12.88 MHz, and 1,=40.68
MHz are selected as the frequeneles of 1;,1,, and 1, ef first,
second and third high frequency powers RF,, RF,, and RF;.
Even when a high frequency power and an IMD other than
those 1llustrated are generated, power levels thereof are very
low. Accordingly, there 1s almost no possibility of affecting
the process, so that it 1s negligible.

In this case, relationships of 21, (6.4 MHz)<t, (12.88
MHz) as well as 21, (25.76 MHz)<t;, (40.68 MHz) are
established, and a relatlenshlp of 31, (38.64 MHz)<{1, (40.68
MHz) 1s also established. Therefore, {,+1, (16.08 MHz) 1s
set as a first frequency A. Further, the lewer one of 21, (25.76
MHz) and 1,-1, (27.8 MHz) 1s set as a second frequency B.

Then, 1n a frequeney range [1] of I,<t=A, a second
harmonic 21, (6.4 MHz) of a frequency fl of the first hugh
frequency power RF, a third harmonic 31, (9.6 MHz) of the
first high frequency power RF,, a difference frequency 1,-1,
(9.68 MHz) from the frequency 1, of the second “ﬁg_’l
frequency power RF, to the frequeney t, of the first high
frequency power RF |, a fourth harmonic frequency 41, (12.8
MHz) of the frequency t, of the first high frequency power
RF,, the frequency 1, (12 88 MHz) of the second high
frequency power RF,, a sum frequency 1,+1, (16.08 MHz)
of the sum of the frequeney f, of seeend thh frequency
power RF, and the frequency 1, of first high frequency
power RF, are present in this order from a low frequency
side.

Further, in a frequency range [3] of B=i<f,, a second
harmonic frequency 21, (25.7 MHz) of the frequency 1, of
the second high frequency power RF,, a frequency 1,—1,
(27.8 MHz) of the difference from a frequency 1, of third

high frequency power RF; to the frequency 1, of second high
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frequency power RF,, a frequency 1;—1, (37.48 MHz) of the
difference from the frequency 1, of third high frequency
power RF, to the frequency 1, of first high frequency power
RF,, and a third harmonic 31, (38.6 MHz) of the frequency
f, of second high frequency power RF, are present in this
order from a low frequency side.

Here, it should be also noted that any one of frequencies
t,, 1, I; of fundamental frequency powers RF,, RF, and RF,
as well as a frequency of either a low order harmonic
frequency power or a low order IMD are not present 1n a
frequency range [2] of A (16.08 MHz)<i<B (25.76 MHz).

In the present exemplary embodiment, 1n consideration of
the frequency distribution characteristic as described above,
a filter circuit 86 1s configured such that any resonant
frequency 1s not present in the frequency range [1] of I, <f=A
and 1n the frequency range [3] of B=i<1,, and a single serial
resonant frequency I, and a single parallel resonant fre-
quency 1, are present in the relation of 1<t in the frequency
range [2] of A<f<B which corresponds to an intermediate
range.

FIG. 11 illustrates a circuit configuration of filter circuit
86. Filter circuit 86 1s formed with an LC ladder type circuit,
and includes a plurality of, for example, three coils 94, 96,
98 connected 1n serial between a pair of input and output
terminals 90, 92, and three condensers 100, 102, 104, each
of which 1s connected between one of ground potential
members (not 1llustrated) and one of a node N, between coils
94, 96, a node N, between coils 96, 98, and a node N,
between coil 98 and terminal 92. Here, one terminal 90 1s a
terminal for a side connected to upper electrode 48. Terminal
90 serves as an mput terminal for a high frequency power to
be applied to filter circuit 86 from upper electrode 48 and
serves as an output terminal for a DC voltage V- to be
applied to filter circuit 86 from DC power supply unit 82.
The other terminal 92 1s a terminal for a side connected to
output terminal of DC power supply unit 82 through switch
84. The terminal 92 serves as an mnput terminal for a DC
voltage V 5~ to be applied to filter circuit 86 from DC power
supply unit 82 and serves as an output terminal for a high
frequency power to be applied to filter circuit 86 from upper
clectrode 48.

In such a filter circuit, a stray capacitance PC (hereinaftter,
referred to as “input port stray capacitance™) having a very
small fixed value 1s present 1n the vicinity of terminal 90
serving as an RF input terminal. In a state where filter circuit
86 1s connected to upper clectrode 48, input port stray
capacitance PC 1s electrically connected 1n parallel to and
combined with an electrode stray capacitance EC which 1s
formed as a ring shaped insulator 1s interposed between
upper electrode 48 and chamber 10, as illustrated 1n FIG. 12.
The value C. - of electrode stray capacitance EC 1s typically
100 pF or more, whereas the value C, . of input port stray
capacitance PC 1s typically 10 pF or less. Therefore, the
percentage of C, - 1n a combined stray capacity (C.+C,-)
1s very small. Therefore, the input port stray capacitance PC
1s substantially negligible. But, since the input port stray
capacitance PC 1s a factor that gives a parallel resonant
frequency at filter circuit 86 alone, it 1s considered once 1n
the present exemplary embodiment.

FIG. 12 illustrates a circuit configuration of a RF trans-
mission line when viewed from plasma PR within chamber
10 in a state where {filter circuit 86 1s connected to upper
clectrode 48. The circuit of the RF transmission line includes
an upper electrode sheath formed between plasma PR and
upper electrode 48 as a variable condenser SH. The capaci-
tance C.,, of variable condenser SH 1s varied depending on
the thickness of the upper electrode sheath. That 1s, the
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capacitance C,, 1s decreased as the thickness of the upper
electrode sheath 1s increased and the capacitance C,, 1s
increased as the thickness of the upper electrode sheath 1s
decreased. However, when the plasma PR 1s not generated
within chamber 10, that 1s, when the upper electrode sheath
1s not present, the terminal of the plasma PR and the variable
condenser SH 1s excluded from the RF transmission line
circuit. In the meantime, since the inductance of upper
clectrode 48 1s relatively low, 1t 1s 1gnored.

Since the RF transmission line circuit (FIG. 12) around
upper electrode 48 1s configured by a multistage LC series-
parallel circuit, a plurality of serial resonant frequencies and
a plurality of parallel resonant frequency are present, respec-
tively, 1n a frequency-impedance characteristic thereof.

When plasma PR 1s not generated within chamber 10
(when the upper electrode sheath 1s not present), the highest
serial frequency 1. among the serial resonant frequencies 1s
a resonant frequency of an LC serial circuit constituted with
a {irst stage coil 94 and a first stage condenser 100, and when
the plasma PR 1s generated within chamber 10 (when the
upper electrode sheath 1s present), the highest serial fre-
quency 1. 1s a resonant frequency of an LC senal circuit
constituted with a variable condenser SH, first stage coil 94
and first stage condenser 100.

The highest parallel frequency 1, among the parallel
resonant frequencies 1s a parallel resonant frequency of an
LC senal-parallel circuit constituted with the electrode stray
capacity EC and the mput port stray capacity PC formed
between mput port 90 and the ground potential, first stage
coil 94 and first stage condenser 100 1rrespective of whether
the plasma PR or the upper electrode sheath 1s present or not.
Here, the combined capacity of condensers EC, PC, 100 1n
the LC senal-parallel circuit 1s larger than the capacity of
condenser 100 of the LC serial circuit, so that a relationship
of {,<t  1s established.

Further, the second parallel highest frequency f  among
the parallel resonant frequencies 1s also a parallel resonant
frequency of an LC serial-parallel circuit constituted with
clectrode stray capacity EC, input port stray capacity PC, a
first stage coil 94, a second stage coil 96, and a second stage
condenser 102 and formed between input port 90 and the
ground potential, irrespective of whether plasma PR or the
upper electrode sheath 1s present or not.

In filter circuit 86, coi1l 98 and condenser 104 after the
third stage 1s related to a serial resonant frequency after a
second serial resonant frequency and/or a parallel resonant
frequency after a third parallel resonant frequency, and 1s not
related to the highest serial resonant frequency 1, the highest
parallel resonant frequency 1, and the second highest par-
allel resonant trequency 1.

In the present exemplary embodiment, in consideration of
the frequency distribution as described above (FIG. 10), the
circuit constant of filter circuit 86 1s selected such that the
highest serial resonant frequency t_ and the highest parallel
resonant frequency 1, fall within a frequency range [2] of
A<1<B and the second highest parallel resonant frequency 1,
falls within a frequency range of 1<f;.

Specifically, for example, if the value C. - of the electrode
stray capacity EC 1s 300 pF and the value C, . of t input port
stray capacity PC 1s 7 pF, the inductance L, of first stage
coil 94 and the capacitance C, ,, of first stage condenser 100
are selected to be 400 nH and 200 pF, respectively, and the
inductance L, of second stage coil 96 and the capacitance
C, 4, 01 second condenser 102 are selected to be 15 uH and
2500 pF, respectively. Accordingly, 1n a frequency-imped-
ance characteristic when the plasma PR 1s not generated
within chamber 10 (when the upper electrode sheath 1s not
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present), that 1s, 1 frequency-impedance characteristic
when expecting an RF transmission line which spans from
an interface between processing space PS and the upper
clectrode through the upper electrode to the ground poten-
tial, the highest serial resonant frequency 1. 1s 18 MHz, the
highest parallel resonant frequency t, 1s 23 MHz, and the
second highest resonant frequency t_1s 2 MHz.

FIG. 13 illustrates a frequency-impedance characteristic
on the RF transmission line around the upper electrode 1n the
present exemplary embodiment. In the frequency-imped-
ance characteristic, 1t should be noted that when plasma PR
1s generated within chamber 10 (when the upper electrode
sheath 1s present), the respective serial resonant frequencies
(especially, t ) shift in an increasing direction while the
respective parallel resonant frequencies (especially, 1, 1)
almost hardly shift as the thickness of the upper electrode
sheath 1s increased.

That 1s, the capacitance C.~ of the variable condenser SH
1s decreased and further, the entire capacitance (C. +C, -+
C,00) decreases as the thickness of the upper electrode
sheath 1s increased. Accordingly, the value of the serial
resonant frequency 1, becomes higher and so does serial
resonant frequencies other than f. In the meantime, as
described above, since the capacitance C..~ of variable
condenser SH 1s not related to the parallel resonance, even
if the thickness of the upper electrode sheath increases, the
values of the respective parallel resonant frequencies (espe-
cially, 1, 1 ) are not varied.

As described above, when plasma PR 1s generated within
chamber 10 and the upper electrode sheath 1s formed, the
serial resonant frequency 1, shifts from a reference value 18
MHz when the upper electrode sheath 1s not present towards
a higher frequency side. However, even if an amount of shiit
of the serial resonant frequency 1. 1s increased as the thick-
ness of the upper electrode sheath 1s increased, there 1s no
case¢ where the serial resonant frequency 1, reaches the
parallel resonant frequency t, having the ﬁxed value (23
MHz). Further, any one of frequenc1es t,, 1,, I3 of funda-
mental frequency powers RF |, RF,, RF; does not fall within
a region 1n which the value of the serial resonant frequency
{_shifts, that 1s, 1n a frequency range [2] of A<i<B, and also,
a frequency of principal harmonics or the frequency of IMD
1s not present at all.

Accordingly, 1n the plasma processing apparatus of the
present exemplary embodiment, even when a process con-
dition 1s set arbitrarily or the value of the DC voltage V -
applied to upper electrode 48 from DC power supply unit 82
1s arbitrarily selected, there 1s no possibility that a serial
resonance 1s generated on the RF transmission line around
upper clectrode 48. Therelfore, there 1s no case where each
of fundamental frequency powers RF,, RF,, RF, 1s varied to
a harmonic or an IMD to cause a loss of the power. Further,
there 1s no possibility that the circuit elements within filter
circuit 86 are burned to be damaged by a high current.

Further, as illustrated in FIG. 13, an impedance for the
third high tfrequency power RF, hawng a frequency of 40.68
MHz for generating plasma 1s 1ncreased as the thickness of
the upper electrode sheath 1s increased. Here, there 1s also a
relationship that the thickness of the upper electrode sheath
1s increased as an absolute value of the negative polarity DC
voltage V.~ 1s 1increased by applying the negative polarity
DC voltage V.~ to upper electrode 48 from DC power
supply unit 82. Also, a ratio of electron current that flows to

a sidewall of chamber from susceptor 16 side (not upper
electrode 48) 1s increased as the impedance of the periphery
of upper electrode 48 for the third high frequency power RF,
having a frequency of 40.68 MHz for generating plasma 1s
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increased so that density of the plasma expands outside 1n a
radial direction. Accordingly, 1t may also be possible to
arbitrarily control uniformizing of the spatial distribution of
the plasma density 1 a radial direction by adjusting the
absolute value of the negative polarity DC voltage V-
applied to upper electrode 48.

Further, since energy of 10ns incident onto upper electrode
48 from the plasma increases as the thickness of the upper
clectrode sheath 1s increased, the sputter effect of physically
removing sediments (deposition) such as polymer attached
on the surface of upper electrode 48a by 10n 1impact may be
enhanced. Accordingly, the sputter eflect (cleaning up of the
clectrode surfaces) for upper electrode 48 may also be
controlled by adjusting the absolute value of the negative
polarity DC voltage V .~ applied to upper electrode 48.

|Other E Example]

Exemplary Embodiment or Modified
In the above-described exemplary embodiments, the fre-

quencies 1, 1,, I of first, second and third high frequency
powers RF,, RF,, RF; are 1,=3.2 MHz, 1,=12.88 MHz, and
t,=40.88 M Hz, respectively, and the relationship ot 31,<f; 1s
established. As another exemplary embodiment, a case has
been considered where the frequencies t,, 1,, t; of first,
second and third high frequency powers RF,, RF,, RF; are
t,=3.2 MHz, 1,=16.0 MHz, and 1,=40.88 MHz. In this case,
the relationship of 21, (6.4 MHz)<t, (16.0 MHz) as well as
21, (32.0 MHz)<t, (40.68 MHz) 1s established, and further,
the relationship of {; (40.68 MHz)<31, (48.0 MHz) 1s estab-
lished.

As described above, 1n the case where the relationship of
31,<1; 1s established, the higher one of {,-1, (24.68 MHz)
and 1,+1, (19.2 MHz) 1s set as A, and the lower one of 21,
(32.0 MHz) and 1,-1, (37.48 MHz) 1s set as B.

Then, as 1llustrated in FIG. 14, in the frequency range [1]

of I, (3.2 MHz)<i<A, a second harnlcnlc frequency 21, (6.4
M_{z) of a frequency 1, of first high frequency power RF,,
a third harmonic frequency 3, (9.6 MHz) of the first
frequency 1, of first high frequency power RF,, a difference
frequency 1,—1;, (12.8 MHz) from a frequency 1, of second
high frequency power RF, to the frequency 1, of the first
high frequency power RF,, a fourth harmonic frequency 41,
(12.8 MHz) of the frequency {1, of first high frequency power
RF,, a frequency 1, (16.0 MHz) of second high frequency
power RF,, a sum frequency 1,+f, (19.2 MHz) of the
frequency 1, of second high frequency power RF, and the
frequency 1, of first igh frequency power RF,, a diflerence
frequency f -1, (24.68 MHz) from a frequency {, of third
high frequency power RF, to the frequency t, of the second
high frequency power RF, are present 1n this crder from the
lower frequency side.

Further, in the frequency range [3] of B=1<31f, (48.0
MHz), a second harmonic frequency 21, (32.0 MHZ) of the
frequency f, of second high frequency power RF,, a differ-
ence frequency 1,-1, (37.48 MHz) trom the frequency 1, of
third hai to the frequency 1, of first

high frequency power RF,
high tfrequency power RF,, and a frequency 1, (48.0 MHz)
of third high frequency power RF; are present 1n this order
from the lower frequency side.

Here, it should be also noted that any one of the frequen-
cies 1, 1, I; of fundamental frequency powers RF,, RF, and
RF, as well as a frequency of either a low order harmonic
frequency power or low order IMD are not present 1n the
frequency range [2] of A (24.68 MHz)<i<B (32.0 MHz).

Therefore, 1n consideration of the frequency distribution
as described above (FIG. 14), the circuit constant of filter
circuit 86 1s selected such that the highest serial resonant

trequency 1, and the highest parallel resonant frequency 1,
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tall within the frequency range [2] of A<f<B and the second
highest the parallel resonant frequency t  falls within the
frequency region of 1<1;.

Specifically, for example, when the value C. - of e elec-
trode stray capacity EC 1s 300 pF and the value C, -~ of input
port stray capacity PC 1s 7 pF, the inductance Lo, of first
stage coil 94 and the capacitance C,, of first stage con-
denser 100 are selected to be 307 nH and 130 pF, respec-
tively, and the inductance L, of second stage coil 96 and the
capacitance C,,, of second condenser 102 are selected to be
15 uH and 2300 pF, respectively. Accordingly, 1n the fre-
quency-impedance characteristic when plasma PR 1s not
generated within chamber 10 (when the upper electrode
sheath 1s not present), that is, in the frequency-impedance
characteristic when an RF transmission line which spans
from an interface between the processing space PS and
upper electrode 48 through upper electrode 48 to the ground
petential 15 expected, the highest serial resonant frequeney f
1s 26 MHz, the highest parallel resonant frequency 1, 1s 31
MHz, and the second highest parallel resonant frequeney t,
1s 2 MHz.

Accordingly, even 1n this case, even when a process
condition 1s set arbitrarily or the value of the DC voltage
V.~ applied to upper electrode 48 from DC power supply
unit 82 1s selected arbitrarily, there 1s no possibility that a
serial resonance 1s generated on the RF transmission line
around upper electrode 48. Therefore, when there 1s no case
where each of fundamental frequency powers RF,, RF,, RF,
1s varied mnto a harmonic frequency or an IMD to cause a
loss of the power, there 1s also no possibility that the circuit
clements within filter circuit 86 are burned to be damaged by
a high current. In the meantime, 1t may also be possible
cither to arbitrarily control the spatial distribution of the
plasma density 1n a radial direction by adjusting the absolute
value of the negative polarity DC voltage VDC applied to
upper electrode 48 or to control the sputter effect (cleaning,
up of electrode surface) for upper electrode 48.

Filter circuit 86 1s not limited to the LC ladder type circuit
as described above, and may include, for example, an L type
circuit constituted with a single coil 94 and a single con-
denser 100. In this case, in the frequency-impedance char-
acteristic when a RF transmission line which spans from the
plasma PS through upper electrode 48 to the ground poten-
tial, a single serial resonant frequency and a single parallel
resonant frequency are present.

That 1s, the unmique serial resonant frequency 1. i1s a
resonant frequency of an LC senal circuit constituted with
coil 94 and condenser 100 when plasma PR 1s not generated
within chamber 10 (when the upper electrode sheath 1s not
present), and 1s a resonant frequency of an LC serial circuit
constituted with a wvarniable condenser SH, coil 94 and
condenser 100 when plasma PR 1s generated within chamber
10 (when the upper electrode sheath 1s present). Further, the
unique parallel resonant frequency 1, 1s a parallel resonant
frequency of an LC senal-parallel circuit constituted with
clectrode stray capacity EC and input port stray capacity PC
formed between mput port 90 and the ground potential, coil
94 and condenser 100 irrespective of whether plasma PR
(the upper electrode sheath) 1s present or not. Even in this
case, a combined capacity (C. +C,-+C,,,) of condensers
EC, PC, 100 1n the LC serial-parallel circuit 1s larger than the
capacity C,,, of condenser 100 of the LC senal circuit, so
that the relationship of { <t 1s established.

As described above, since the frequency region of 1<t
becomes a frequency region i which the frequency 1is
monotonically decreasing, no resonant frequency 1s present
in the frequency range of I;,<if=A. Further, since the fre-
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quency region ot t <t becomes a frequency region in which
the frequency 1s monotonically increasing, no resonant
frequency 1s present 1n the frequency range of B=i<{, or
B=1<31,. Therelore, the same eflect may be obtained as 1n
the case where filter circuit 86 1s constituted with an LC
ladder type circuit.

The present disclosure 1s not limited to a capacitively
coupled plasma etching apparatus, and may also be applied
to a capacitively coupled plasma processing apparatus that
performs any plasma process, such as a plasma CVD, a
plasma ALD, a plasma oxidation, a plasma nitridation, and
a sputtering. The target substrate 1n the present disclosure 1s
not limited to a semiconductor water, but may include
various substrates for, such as a flat panel display, an organic
EL device, or a solar cell, a photomask, a CD substrate, or
a print substrate.

EXPLANATION OF REFERENCE

NUMERALS

10: CYLINDRICAL VACUUM CHAMBER (PRO-
CESSING CONTAINER)

16: SUSCEPTOR

35, 36, 38: RIF POWER SUPPLY

40, 42, 43: MATCHING UNITS

48: UPPER ELECTRODE (SHOWER HEAD)

>4: RING SHAPED INSULATOR

60: PROCESS GAS SUPPLY SOURCE

86: FILIER CIRCUIT

88: CONTROL UNIT

94, 96: COIL

100,102: CONDENSER

What 1s claimed 1s:

1. A plasma processing apparatus comprising:

a vacuum exhaustible processing container configured to
accommodate a target substrate to be able to be carried
in and out 1n relation to the processing container;

first and second electrodes disposed to be opposed to each
other within the processing container to form a pro-
cessing space therebetween where plasma 1s generated
so that a desired processing 1s performed on the sub-
strate held on the first electrode under the plasma;

a first RF power supply configured to apply a first RF
power having a first frequency (1, ) to the first electrode;

a second RF power supply configured to apply a second
RF power having a second frequency (1,) to the first
electrode;

a third RF power supply configured to apply a third RF
power having a third frequency (1;) to the first elec-
trode:

a control unit programmed to control a total power and a
power ratio of the first RF power and the second RF
power 1n order to control maximum energy and mini-
mum energy of 1on energy distribution independently
from each other;

a filter circuit connected between the second electrode and
a member having a ground potential, and configured to
allow an RF current mput from the first electrode
through the processing space and the second electrode
to flow to a grounded line,

wherein the filter circuit consists of: (1) a first coil of
which a first terminal 1s connected to the second
clectrode via an iput terminal, (11) a first condenser
connected between a second terminal of the first coil
and the member having the ground potential, (111) a
second coil of which a third terminal 1s connected to the
second terminal of the first coil, (1v) a second condenser
connected between a fourth terminal of the second coil
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and the member having the ground potential, (v) a third
coil of which a fifth terminal 1s connected to the fourth
terminal of the second coil, (vi1) a third condenser
connected between a sixth terminal of the third coil and

20

(21,, 31,), the difference frequency (1,—1,) from the
third frequency (1) to the second trequency (1,), and
the difference frequency (I,-1,) from the third fre-
quency (1;) to the first frequency (I,) are present 1n a

the member having the ground potential, (vi1) the input s _requency region higher than the parallel resonant
terminal directly connected to the second electrode and tfrequency 1, in the frequency-impedance characteristic,
the first terminal of the first coil, and (vi1) an output and
terminal connected to the sixth terminal of the third in a case where 1,<31,, the first frequency (1 ), the second,
coil: third, and fourth harmomic frequencies of the first
a port stray capacitor connected between the first terminal 10 frequency (21,, 31, 41;), the difference frequency (1,-
and the member having ground potential; and f,) and the sum frequency (I,+1,) of the first frequency
an 1nsulator 1s disposed between the second electrode and (1;) and the second frequency 1,, and the difference
the processing container such that a value of an elec- frequency (1;—1,) of the third frequency (1;) and the
trode stray capacity formed between the second elec- second frequency (1,) are present 1n a frequency region
trode and the processing container becomes 300 pF, the 15 lower than the serial resonant frequency (I.) in the
first terminal of the first coil connected to the second frequency-impedance characteristic, and the third fre-
clectrode via the iput terminal 1s configured such that quency (1), the second and third harmonic frequencies
a value of an put port stray capacity becomes 7 pF, of the second frequency (21,, 31,), and the difference
cach of the first coil and the first condenser 1s config- frequency (I;—1; ) of the third frequency (1) and the first
ured to have an inductance and a capacitance of 400 nH 20 frequency (1) are present in a frequency region higher

and 200 pF, respectively, and each of the second coil
and the second condenser i1s configured to have an

than the parallel resonant frequency (1)) in the fre-
quency-impedance characteristic.

3. The plasma processing apparatus of claim 2, wherein

the serial resonant frequency (1) 1s defined by the induc-
tance of the first coil and the capacitance of the first
condenser, and the parallel resonant frequency (1) 1s
defined by the inductance of the first coil and the
capacitances of the first condenser and the second
condenser.

4. The plasma processing apparatus of claim 1, wherein at
least one serial resonant frequencies and at least two parallel
resonant frequencies are present 1n the frequency-impedance
characteristic,

the serial resonant frequency (1) 1s the highest frequency

inductance and a capacitance of 15 uH and 23500 pF,
respectively,
wherein, the first frequency (1) 1s 1n a range of from 100 25
kHz to 6 MHz, the second frequency (1,) 1s 1n a range
of from 6 MHz to 40 MHz, and the third frequency (1;)
1s 1n a range of from 40 MHz to 300 MHz, the
relationships of 21, <1, and 21,<f; are established,
wherein the filter circuit 1s configured such that, 1n a case 30
where 31,<1,, assuming that (I,+1,) 1s A and the lower
one of 21, and (1;—1,) 1s B, no resonant frequency 1is
present 1n the {frequency range of {,<if=<A and B=i<{,,
and a single seral resonant frequency (1.) and a single

parallel resonant frequency (1)) are present in the
frequency range of A<i<B with satistying a relation-
ship ot f,<t , in a frequency-impedance characteristic
of an RF transmission line which spans from an inter-
face between the processing space and the second
clectrode through the second electrode to the ground
potential,

wherein 1n a case where 1,<31,, assuming that the higher

one of (1;-1,) and (1, +1,) 1s A and the lower one of 21,
and (13—1, ) be B, no resonant frequency 1s present in the
frequency range of I;,<f=A and B=1<31, (or 1), and a
single serial resonant frequency (1) and a single par-
allel resonant frequency (1)) are present in the fre-
quency range of A<i{<B with satisiying a relationship of
<t , in a frequency-impedance characteristic of an RF
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among the serial resonant frequencies present in the
frequency-impedance characteristic,

the parallel resonant trequency (1,) 1s the highest fre-

quency among the parallel resonant frequencies present
in the frequency-impedance characteristic,

in a case where 31,<t,, the first and second frequencies

(1;, 1,), the second, third and fourth harmonic frequen-
cies of the first frequency (21,, 3t,, 41,), the difference
frequency (1,—1,) and the sum frequency (1,+1,) of the
first frequency 1, and the second frequency 1, are
present 1n a frequency region between a second highest
parallel resonant frequency (1) and the serial resonant
frequency (1) in the frequency-impedance characteris-
tic, and the third frequency (1), the second and third
harmonic frequencies of the second frequency (21,

31,), the difference frequency (1;—1,) of the third fre-
quency 1, and the second frequency 1,, and the difler-
ence frequency (1;—1,) from the third frequency {1; to
the first frequency 1, 1n a frequency region higher than
the parallel resonant frequency 1, in the frequency-
impedance characteristic, and

in a case where 1,<31,, the first frequency (1, ), the second,
third and fourth harmonic frequencies of the first fre-
quency (21,, 31,, 41,), the difference frequency (1,—1,)
and the sum frequency (1, +1,) of the first frequency (1,)
and the second frequency (1,), and the difference fre-
quency (f;-1,) from the third frequency (1;) to the

transmission line which spans from a boundary surface 50
between the processing space and the second electrode
through the second electrode to the ground potential.

2. The plasma processing apparatus of claim 1, wherein
the serial resonant tfrequency (1) 1s an unique serial resonant
frequency present 1n the frequency-impedance characteris- 55
tic, and the parallel resonant frequency (1,) 1s an unique
parallel resonant frequency present in the frequency-imped-
ance characteristic,

in a case where 31,<1;, the first and second frequencies

(1,, 1,), second, third and fourth harmonic frequenc1es 60
of the first frequency (21,, 31,, 41,), and the difference

frequency (1,—1,) and the sum frequency (1, +1,) of the
first frequency (f,) and the second frequency (1,) are
present 1n a frequency region lower than the serial
resonant frequency (I.) 1n the frequency-impedance
characteristic, and the third frequency (1), second and
third harmonic frequencies of the second frequency

65

second frequency (I,) are present in a frequency region
from the second highest parallel resonant frequency ()
to the serial resonant frequency (I.) in the frequency-
impedance characteristic and the third frequency (1;),
the second and third harmonic frequencies of the sec-
ond frequency (21,, 31,), and the difference frequency
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(13—1,) of the third frequency (1;) and the first frequency
(f,) are present in a frequency region higher than the
parallel resonant frequency (1,) in the frequency-im-
pedance characteristic.
5. The plasma processing apparatus of claim 4, wherein 5
the serial resonant frequency (1) 1s defined by the imnduc-
tance of the first coil and the capacitance of the first
condenser, the parallel resonant frequency (1) 1s
defined by the inductance of the first coil and capaci-
tances of the first condenser and the third condenser, 10
and the second highest parallel resonant frequency (1)
1s defined by inductances of the first and second coils
and capacitances of the second and third condensers.
6. The plasma processing apparatus of claim 1, further
comprising a DC power supply that applies a DC voltage to 15
the second electrode through the filter circuit.
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